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ABSTRACT

An asymptotic analysis of the Eberstein-Glassman kinetic
mechanism for the thermal decompositien of hydrazine is carried
out. It is shown that at temperatures near 800°K and near 1000°K,

and for hydrazine molar fractions of the order of unity, 10=1 and
10-2 | the entire kinetics reduces to a single, overall reaction.

Characteristic times for the chemical relaxation of all
active, Iintermediate species produced in the decomposition, and
for the overall reactien, are obtained. Explicit expressions
for the overall reaction rate and stoichiometry are given as func
tions of temperature, total molar concentration (or pressure) .
and hydrazine molar fractien. Approximate, patched expressions
can then be obtained for values of temperature and hgdrazine
molar fraction between 750 and 1000°K, and 1 and 10~ ° respec-
tively.

RESUME

On a développé& un &tude asymptotique du mecanisme cinéti-
que de Eberstein-Glassman pour la dé&composition thermique de
l'hydrazine. On montre que ce mecanisme peut se reduire & une
reaction globale si la temperature est pr&s de 800°K ou de
1000°K, et la fraction molaire de 1l'hydrazine est de l'ordre de
1'unitéd, 10~ ou 10~2.

Les temps caracteristiques correspondents a la reldchement
chimique pour toutes les esp&ces intermediares et pour la réac-
tion globale ont été determinées. On a calcul® aussi des expres-
sions pour la vitesse de réaction globale ainsi que la stoechio-
métrie, en function de la tempé&rature, concentration molaire
total (ou pression) et fraction molaire de lthydrazine. Des ex-
pressions valables pour les valeurs des températures compris
parmis 750° et 1000°XK et fractions melaires parmis 1 et 10~3
peuvent &tre obtenues.
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1. INTRODUCTION

Low thrust, monopropellant engines based on the catalytic
decomposition of hydrazine have been operational, for some time,
on board spacecrafts. However, for thrusts below 0.1 1bf say,it
ig difficult to achieve reliable catalytic engines. For that
thrust range, propulsion systems based on hydrazine thermal decom
position have been lately proposedl~3 A basic aspect of such sys
tems is a homogenous, gas phase, complex kinetics. -

In an engine this chemical kinetics 1is coupled to gas dy-
namic processes, and as consequence basic analyses of thruster
performance become difficult. Fortunately, a single, overall re-
action (stoichiometry and reaction rate) can substitute for the
entire kinetic mechanism, under some conditions: If all interme-
diate radicals produced in the decomposition reach equilibrium
with hydrazine in a time much shorter than the overall chemical
time for transformation of hydrazine into products, radical con-
centrations become fixed functions of hydrazine concentration
- and of temperature and pressure ~, in the slower evolutlon of
these variables. If then the characteristic residence or mechan-
ical time for the engine is large compared with the radicals re-
laxation time, in particular if mechanical and overall chemical
times are comparable, an overall kinetics may be used in the gas
dynamics equations for the engine.

The purpose of this paper is threefold. Firstly to find
out whether indeed an overall kinetics may exist, that is, to com
pare overall chemical and radicals relaxation times. Secondly
to provide values for these times (in order to allow later compar
ison with mechanical times in engines) and to obtain analytical
expressions for overall reaction rate and stoichiometry. Finally,
to test the validity of some of the kinetics proposed for the
thermal decomposition of hydrazine;”‘ we shall consider here
the detailed kinetic mechanism set forth by Eberstein and Glass-
mani! for the temperature interval between 750 and 10Q0°K which
appears to be of main importance for engine analysis.

In a recent paper Urrutial? used that mechanism to obtain
overall results for the decompositieon of highly diluted hydrazine
at temperatures near 1000°K. 1In the present work we consider
temperatures near both 800°K and 1000°K, with initial hydrazine
molar fractions of order of unity, as would be the case in a real

engine. In the next section, we discuss the formulation of the
problem. In Secs. 3 and 4 we present the results for 1000°K and
800°K respectively. A discussion of these results is given in
Sec.5.

2. FORMULATION OF THE PROBLEM

The kinetic mechanism proposed by Eberstein and Glassman
for hydrazine decomposition involves species N,H, , NHs, , NH ,
NoHs , H , NHy , No , Hp , (numbered 1 to 8) and ten elementary
reactions:
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Initiation

1) NoHy + M =+ 2NHp, + M ky = 101%exp(-60000/RT)
Propagation

2) NpHy + NH, > N,Hz + NHj ko = 1012exp(~7000/RT)
3) NpHz + M > N, +# H, + H + M kg = 1013exp(~20000/RT)
4) NpHy + H = NHp, + NHj3 ky = 10'3exp(-7000/RT)

(1)

Chain branching

5) NyHz + M > NH + NHy + M ks = 1012°3exp(-18000/RT)
6) NpHy, + NH + NHp, + NyHg kg = 101%exp(~10000/RT)
Termination

7) NHp, + NyHs = NH3 + Np + Hy kg = 1012°5

8) 2NpH3 + 2NH3 + Ny kg = 1012

9) NpHz + H » Ny + 2Hp kg = 1015

10) 2NHp + NoHy kip = 1012°5

"where all k's are measured in cc/mole~sec.

If Wl is the rate of production (moles per unit time and
unit volume% of the ith species due to the otD reaction, which fol
lows from the above mechanism, the continuity equation for the

i species in a general situation reads
DY, 1 M,
=+ (V.pYiv,.) = —— Iw (2)
Dt p 1%4d4 p o ia
“where Y. , ;di and M, are the ith nass fraction, diffusion veloci~

ty and molar mass respectively. The left-hand side of Eq.(2) is
of the order of Y;./t, , Y;, being a characteristic value for Y;
and tp a characteristic mechanical or residence time. The right-
hand side contains negative terms arising from the consumption of
the ith species in reactions where it enters as a reactant; such
terms are of the order of Yg/tci {(n=1 or 2) where ted is a chemi-
cal time which depends on the concentrations of other species. The
right side contains also positive terms due to the reactions where
the ith gpecies enters as a product; they are of the order of
1/tc':i where té. is another chemical time. For a very active spe-
cies t , is so small that the species is consumed as soon as it

is pro&ﬁced - so to speak ~, that is,

Zw, = 0 , (3)
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Y; being very small. Equations (3) then provide expressions for
Y; , for all active species, as functions of reactants and main
products. This eliminates the active species of the main evolu-
tion of the reaction and leads to simplified kinetiecs. In the
present problem we expect species 2 to 5 to be very active in the
above sense, so that an overall reaction would result;

NoHy > aNH3 + BNy + yHy , (1)
a=2(1-8) 2 Yy = 38~ 1.

To find out whether vradicals NHy , NH , NoHs and H are indeed very
active, and to determine the values of the various chemical times,
of B (and thus of the heat of reaction), and of the overall reac-
tion rate, it is then simplest to consider a constant velume andg
temperature, spatially uniform, hydrazine decomposition process.
Equations (2) then become

dci
R . 5
I gwlq (5)
where cy = PYi/Mi is the ifh molar concentration. Especifically
we have

dc1
=4F T - kjccy -~ kocyco = kycyjeg - kgeicy +k10022

dco
3 = 2kjccy ~ kocjeo+ kycieg + kgecey + kgejes

- k7cpey - 2kjgep?

d03
5 ° kscey ~ kgecicg

dey
T = kpcyep - k3CCq— kgcey + kgejecg - kopeocy

- QkBqu - kngCS (5')

dC5
—E¥- = k3004 - chlcs - kngCs

deg
7T * kocjeco + kycjcg + kycocy + 2k8Cg2

dcy .
35— ° kgcey + kgecgey + kngz + kgcycs

dCe

it

=T kqecey + kgcocy + 2kgcycy.

Equations (5') are to be solved under initial conditions
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[}

e/ t=0) e % = 0(1)
’ e o)
Q . i9 1

n

ci(t=0)

It may be now noticed that, due to the fact that NH3 , N3
and Hs enter only as products in the Eberstein-Glassman mechanism,
the first five equations in (5') are decoupled from the last three.
A further essential simplification arises from the differences, of
several orders of magnitude, existing between many rate constants,
This allows the use of a (singular) perturbation method, essential
ly a multiple time-scale analysis, by making Eqs (5') nondimension
al and ordering the terms in their right-hand sides in powers of
a small number e , equal to 10-2 say. The five ordinary differen-
tial equations for ¢; , ¢2 ... cg may then be solved asymptotical-
ly by letting e formally go to zero (although at the end of the
analysis it must be set equal to 10-2) and retaining dominant
terms only.

However, since the rate constants appear multiplying some
species concentrations, and these may change substantially as time
evolves, 1t is clear that the relative importance of each term in
those equations, changes with time. Thus there will exist several
successive stages, different (hopefully few) terms being dominant
at each stage. One then proceeds integrating in time the first
five Eqs (5'), starting from conditions (6), and at each new stage
the results from the previous stage allow to determine the new
dominant terms. It should be noticed that the rate constants of
some elementary reactions increase steeply from 750°K to 1000°K
and therefore the selection of deminant terms, and thus the number
and character of the time stages, will be clearly dependent on
temperature.

In the next two sections we give the results of such an
asymptotic analysis for temperatures around 1000°K and 800°K, Spe-
cifically, we give the characteristic (chemical) times and behav-
iour of the different stages found, and explicit formulae for 8
and dc;/dt as functions of ¢; , T and P (pressure).

3. TEMPERATURE NEAR 10Q00°K

For T = 1000°K and cj%= 0(1) five stages are found in the
decomposition, The first fou? stages correspond to chemical re-
laxation of species NHp, , NH , NpH3z and H. Transformation of hy-
drazine inte NH3 , N, and H, takes place in a fifth, much slower
stage., Thus, at T=10Q000°K, the Eberstein-Glassman mechanism leads
to the existence of an overall kinetics,

There is first a stage with a characteristic time of the
order of (10-7/P) sec - where P is measured in atmospheres -, in
which NH relaxes to equilibrium through reactions 5 and 6, reach-
ing a quasi~-steady state. Next, there occurs relaxation of H
through reactions 3 and 4, in a time of the order of (10-%/P)sec.
Then, in a time of the order of (107°/P) sec, NHy relaxes through
reactions 1 and 2. Finally, for times of the order of (10'”/P)sec,
.NoH3 comes to equilibrium in reactiens 2, 3, 5, 6, 8 and 9; simul-
tanecously, reaction 4 becomes negligible and reactions 5 and 6
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come into play in the quasi-steady state of NH»y.

_ Hydrazine decomposes in a much larger time, of the order
of (1071/P) sec, through reactions 1, 2 and 6; we thus have

dec)
—E?—~ = W1 = - klccl - k20102 - k60103 (7)

At this stage, from the preceding results, we also have

0 = wo = 2kjce] = kocicy + kscey + kgeicsg
0 = w3 ¢ kgcey - kgejeg

5 (8)
0 = wy = kpeyep - kgcey - kscey + kgejeg - 2kgey - kocycs

0 =~ wg = kzcecy ~ kgcycs.

Using (8) in (7) we then find an explicit expression for the over-
all rate of decomposition of hydrazine, w; , as function of c; , T
and ¢ , or alternatively e¢; , T and P (c =P/RT),

e L d, = - akjeeq |1 ¢ 22 C1y24) /?
dt 1 15=1 (1- k3/k5)d
ks T
2
=-3 (kg-k3) cz%l;-ﬂl+2¢)1/ -+(1—k3/k5)¢{ (9)
4+
1 _
. _ 14 _ 36000 3 i 1/2
10l%exp ( ~§T——}c =1+ 24) +0.54¢
where
2k1kg c1 c1
b = = 1,1 % 105exp(— 2£$00) = . (10)
(kg-k3)? c
We also find
Co Y C3 6 Cy 3 Cg 6
- = 0¢(10~ ") » T F 0(10-%°) , — = 0(10-3%) , - = 0(10~%) ., (11)
In an engine we would then use w1 in
DY, 1 N M1y
st t o VpY1vg) =

According to (4) the overall rates of production of NH3 , N, and
Ho would be

WG = —2(1—3)%1 ;7 = ~B;1 Wg = ’(38-1)W1 . (12)
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The dominant reactions in the productions of these species are
found to be 2 and 8; 3, 8 and 9; and 3 and 9, respectively. Hemnce,
we finally arrive at

1+k3/k5 1+ (1+2¢)1/2+(k5-k3)¢/(k5+k3)

B:'
3 1+ (1+2¢)1/2

+(1—k3/k5) ¢

1+ (14260 % +0.37¢
> 0.49 e (13)
1+ (1+ 26) /% + 0.5

Equation (13) leads to overall rates of production of NH3 , N2 and
H, , and overall heat of decomposition, to be used in the anaysis
of a real hydrazine engine.

The preceding results are valid as long as cj;/= 0(1).
Euations (8) show however that as cy;+ 0 , both c, and c3 become
singular as 1/cy; , and the analysis needs modification. Tor
ci/= 0(10-1), reaction 1 may be neglected, while reactions 7 and
10~must be taken into account, the quasi-steady state of NH, and

NoH3 being modified. We obtain

- -1
_ kg ) k7(3ks-k3) ¢ kgkgkyg c?
Wy = - 3 — (ks-kg)ec2|1 + —_—  ——
' kg T8 kokg c1 kykg cf
-1
o _anlk _ 36000y » _ 11000y c 3 _24000yc?
10 exp[ ——iT—Jc 1-#64exp( m_ﬁ?—)cl +10 exp( ‘“ﬁﬁ*gg?' R
(14)
1+ k3/k5 1+ 2](7(3](5—](3)C/k2k8(1+k3/k5) c1
B = 3 1+ k7(3k5-—k3)c/k2k8 c1

1+ 87exp(~11000/RT)c/cy
= 0.49 5 (15)
1+ 64exp(~-11000/RT)c/cy

Co 3 c3 Cy - csg
= 0(1073) , —— = 0(10-%) , — = 0(10 3y, — = 0(107%) .

(16)

Both ¢, and c3 pass through alarge maximum in this range of values
of ¢1, and the characteristic time for the overall reaction is now
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much shorter, (1072/P)sec.

For ci/= 0(10-2), the overall kinetics changes again. Reac
tions 7 and 8 'may now be neglected, while reaction 1 must again
be taken into account. The overall reaction time is again
(10-1/P)sec. We obtain

Co C3 Cy _ Csg .
= 0(107%), = = 0(1078), — = 0(107%), = = 0(107%), (17)

B = 2/8 (18)

_ 3 k2 (k 1 16k 1k | gk 32 172
A S (AL B Rt B ER —11073 )
4 kyo k3 2 | k3 (kg-k3)? ¢
11 12000y 2 1r g 50000y ¢ /2
= ~10"*ex (— RT )cl 5 1 +{1-f2.7 x10 exp(- —ﬁT——)ET} . (19)

It may be noticed that the limits of (9) and (14), for
decreasing ci1/c and c/c] respectively, match each other smoothly
as they should. Similarly the limits of (14%) and (19), for de-
creasing cj/c and c/c1 respectively, match smoothly too. Similar
statements may be made about (13) and (15), and (15) and (18).
The results in (18) and (19) agree with those given by Urrutia in
Ref.12 for cj/c = 0(10-2).

4. TEMPERATURE NEAR 800°K

For T = 800°K and c9= 0(1) we find four stages in the de-
composition. First, NH and H reach a gquasi-steady state in a time
of the order of (10-%/P)sec, through reactions 5 and 6, and 3 and
4, respectively. ©Next, in a time of the order of (10‘§/P)sec,
NH, comes to a quasi-steady state through reactions 1 and 2. That
state is modified by reactions 4, 5 and 6 in a third stage, whose
characteristic time is (1073/P)sec. Simultaneously there is expo
nential growth of NyHy, leading to a quasi-steady state through
reactions 2, 3, 5, 6, 8 and 9, while reaction 8 modifies the equi
librium of H. B

Transformation of hydrazine intoc products proceeds in a
(10/P)sec time scale through reactions 2, 4 and 63 in this final
stage reaction 1 may be neglected. The results for the overall
reaction are

Cc2 c3 - Cy Cs
— =.0(107%), — = 0(1077), — = o(107%), = = 0(1077), (20)
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o ke 7T Skslks- k)t kg kg et

-1
. 14 36000y o ” 110001 ¢
= -1.2 x10%exp (- _"iT"}C 1+0.8{1+5.1x102exp(- "—ﬁT”}ET} ,
(21)
-1
1+k3/k5 2](3/3](5
= 1 +
B 3 1 +kg(kg-ks3)ec/kykgeq
-1
= 0.45 |1 + 0.2% (22)

1+ 5.1 x102exp(~11000/RT)c/c;

When ¢y -0, the overall kinetics changes because ¢, and cj.

become singular. For ClYF 0(10-1) reaction 7 must be taken into ac
count, while reaction 4/may be neglected. We arrive at -
c c c - c -
=2 = 0(10-5), =2 = 0(10-6), =% = o0(10"%), —2 = 0(10~7), (23)
c c c c
-1
— ks k7(3k5—k3) c
~ -3 -2 - 2 -
W1 3 s (k5 k3)c 1 + kzkg o]
-1
. - 14 . 36000y .2 _ 11000y
1.2 x 10 *exp T }c 1 +66exp( = )Cl (24)
1+k3/k5 1+ 2](7(3](5—-](3)Cﬂ<2k8(1+k3/k5)cl
B o
3 1+ k;TSkS—ka)c/kzkscl
« o.us 1+ 97 exp(-11000/RT)c/c (25)

1 +66 exp(-11000/RT)c/cy

As in the 1000°K case, both ¢, and c3 pass through a large
maximum in this range of values of c;, and the overall characteris
tic time decreases sharply, to a (1/P)sec value.
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For ci!= 0(10°2), reaction 8 may be neglected but reac-
tion 10 must be taken into account. The overall reaction time is
again (10/P)sec. We also find

B = 2/3 , (26)
2|=1
k5 ” k7(3k5-k3) C k3k5k10 C
W, = -~ 3 — (kg-k3)c —_ b —_—
1 kg kokg cq kykg  cf
25000 13000y c | :
- 2 . 19YUUy ¢ 27
~ -1.8 x101 esp(— _ﬁf"—)ccl 1+ 15 exp( RT )Cl > (27)
c2 -5 C3 -6 Cy _5 Cs _ 7
-—C— = 0(10 ), ? = 0(10 ), 'E— = 0(10 ), —C— = 0(10 ). (28)

Notice again the smooth matching of Eqs. (21), (24) and (27), and
(22), (25) and (26).

5. CONCLUSION

Using an asymptotic analysis based on large differences
among the rate constants of several elementary reactions, we have
shown that the Eberstein-Glassman mechanism for the thermal decom
position of hydrazine leads to an overall kinetics at temperatures
near 800°X and near 1000°K: Relaxation of the active radicals ap-
pPearing in the decomposition occurs in several stages involving
times extremely short compared with the characteristic time for
the overall process of decomposition. This last time is of the
order of (10-1/P)sec (the pressure P being measured in atmos-
pheres) for temperature, T, near 1000°K, and hydrazine molar frac~-
tion, cy/c, of the order of either unity or 10-2; that time is
(10-2/P)sec for c1/c =0(10-1), For given cj/c between unity and
values 0(10~2), the overall time at T = 800°K is about 102 times
larger than the overall time at 1000°K.

We have found explicit expressions (see Secs. 3 and 4) for

the rate of decomposition of hydrazine |w;|, and the stoichiometric
coefficient B, in the overall reaction

NpHy, -+ 2(1-B)NH3 + BN, + (38-1)H,.
Once B is known, the heat of decomposition can be found from ther-

modynamic tables. At either 800 or 1000°K the expressions for wj
(and B) change in form when cj/c decreases from unity down to
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values 0(10~1) and 0(10-2); we have shown however that the
expressions for the different ranges of c¢;/c match smoothly.
Furthermore, it may be verified that for given 0(ci/c), the ex-
pressions for wj (and B) at T = 800°K and T = 1000°K match smooth
ly each other at intermediate temperatures ®, Thus it 1s possible
to write down patched formulae for w3 and B , valid for, say,
750°K < T < 1050°K and 1 > ecj/c > 10-3, It should be noticed
however that such formulae are quite complex and involve errors of
the order of 10 or 20%.

We are presently evaluating the extent of the validity
of the Eberstein-~Glassman mechanism taking into account, in par-
ticular, that reaction 1 is quasi-unimolecular, reaction 10 being
the low-pressure limit of its inverse. We have already verified
that the inverse reactions of reactions 2-9 may be neglected,
except possibly in the case of reaction 5.
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